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INTRODUCTION 
Hot s e c t i o n  components o f  gas t u r b i n e  eng ines  a r e  s u b j e c t  t o  severe  
thermomechanical l oads  d u r i n g  each m i s s i o n  c y c l e .  I n e l a s t i c  d e f o r m a t i o n  can 
be induced i n  l o c a l i z e d  r e g i o n s  l e a d i n g  t o  even tua l  f a t i g u e  c r a c k i n g .  Assess- 
ment o f  d u r a b i l i t y  r e q u i r e s  reasonab ly  a c c u r a t e  c a l c u l a t i o n  o f  t h e  s t r u c t u r a l  
response a t  t h e  c r i t i c a l  l o c a t i o n  f o r  c r a c k  i n i t i a t i o n .  
N o n l i n e a r  f i n i t e - e l e m e n t  computer codes, such as MARC ( r e f .  l ) ,  have 
become a v a i l a b l e  f o r  c a l c u l a t i n g  i n e l a s t i c  s t r u c t u r a l  response under  c y c l i c  
l o a d i n g .  
c a l  i nc remen ta l  t h e o r y  u s i n g  a ha rden ing  model to d e f i n e  t h e  c y c l i c  y i e l d  
s u r f a c e ,  a y i e l d  c r i t e r i o n ,  and a f low r u l e .  G e n e r a l l y  t h e  von Mises  y i e l d  
c r i t e r i o n  and t h e  n o r m a l i t y  f low r u l e  a r e  used. Creep ana lyses  a r e  based on a 
separa te  c reep  c o n s t i t u t i v e  model t h a t  i s  n o t  d i r e c t l y  coup led  to  t h e  p l a s t i c -  
i t y  model. However, a n a l y t i c a l  s t u d i e s  o f  h o t  s e c t i o n  components such as t u r -  
b i n e  b lades  ( r e f .  2 )  and combustor l i n e r s  ( r e f .  3) have demonst ra ted  t h a t  
e x i s t i n g  n o n l i n e a r  f i n i t e - e l e m e n t  computer codes based on  c l a s s i c a l  methods do 
n o t  a lways p r e d i c t  t h e  c y c l i c  response o f  t h e  s t r u c t u r e  a c c u r a t e l y  because of 
t h e  l a c k  o f  i n t e r a c t i o n  between t h e  p l a s t i c i t y  and c reep  d e f o r m a t i o n  response.  
The p l a s t i c i t y  computa t ions  i n  these codes have been based on  c l a s s i -  
Under t h e  HOST Program, t h e  NASA Lewis Research Cen te r  has been sponsor ing  
t h e  development of  u n i f i e d  c o n s t i t u t i v e  m a t e r i a l  models and t h e i r  implementa- 
t i o n  i n  n o n l i n e a r  f i n i t e - e l e m e n t  computer codes for  t h e  s t r u c t u r a l  a n a l y s i s  of 
h o t  s e c t i o n  components ( r e f s .  4 t o  7). The u n i f i e d  c o n s t i t u t i v e  t h e o r i e s  a r e  
des igned t o  encompass a l l  t ime-dependent  and t ime- independent  a s p e c t s  of 
i n e l a s t i c i t y  i n c l u d i n g  p l a s t i c i t y ,  c reep,  s t r e s s  r e l a x a t i o n ,  and c reep  
r e c o v e r y .  These t h e o r i e s  a v o i d  t h e  n o n i n t e r a c t i v e  summation o f  i n e l a s t i c  
s t r a i n  i n t o  p l a s t i c  and c reep  components and most of them a v o i d  s p e c i f y i n g  
y i e l d  su r faces  t o  p a r t i t i o n  s t r e s s  space i n t o  e l a s t i c  and e l a s t i c - p l a s t i c  
r e g i o n s .  I n  d i s c a r d i n g  these  o v e r l y  s i m p l i f i e d  assumpt ions o f  c l a s s i c a l  
t h e o r y ,  u n i f i e d  models can more r e a l i s t i c a l l y  r e p r e s e n t  t h e  b e h a v i o r  o f  
m a t e r i a l s  under  c y c l i c  l o a d i n g  c o n d i t i o n s  and h i g h  tempera tu re  env i ronmen ts .  
A ma jor  p rob lem w i t h  n o n l i n e a r ,  f i n i t e - e l e m e n t  computer codes i s  t h a t  t h e y  
a r e  g e n e r a l l y  too c o s t l y  t o  use i n  t h e  e a r l y  d e s i g n  s tages  f o r  hot s e c t i o n  com- 
ponents o f  a i r c r a f t  gas t u r b i n e  eng ines .  
Lewis to  deve lop  a s i m p l i f i e d  and more economical  p rocedure  fo r  p e r f o r m i n g  non- 
l i n e a r  s t r u c t u r a l  a n a l y s i s  u s i n g  o n l y  an e l a s t i c  f i n i t e - e l e m e n t  s o l u t i o n  or 
l o c a l  s t r a i n  measurements as i n p u t  ( r e f s .  8 and 9). Development o f  t h e  s i m p l i -  
f i e d  method was based on  t h e  assumpt ion  t h a t  t h e  i n e l a s t i c  r e g i o n s  i n  t h e  
s t r u c t u r e  a r e  l o c a l  and t h a t  t h e  t o t a l  s t r a i n  h i s t o r y  can be d e f i n e d  b y  e l a s t i c  
ana lyses .  
A program has been underway a t  NASA 
C o r r e c t i o n s  have been i n c o r p o r a t e d  i n  t h e  method t o  accoun t  for 
*Sverdrup  Technology,  I n c . ,  Lewis Research Cen te r  Group. 
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strain redistribution under applied mechanical loading. This procedure was 
implemented in a computer program and has been exercised on a wide variety of 
problems including multiaxial loading, nonisothermal conditions, various mate- 
rials and constitutive models, and dwell times at various points in the cycles. 
Comparisons of the results of the simplified analyses with nonlinear finite- 
element solutions for these problems have shown reasonably good agreement. 
More than 30 methods for predicting low-cycle fatigue life have been iden- 
tified in a recent review article by Halford (ref. 10). These methods differ 
somewhat in the structural analysis parameters used for life prediction. Basic 
structural response information required by various life prediction methods 
includes the total and inelastic strain ranges, inelastic strain rate, propor- 
tion of time-dependent and time-independent inelastic deformation, peak tensile 
and mean stresses, stress range, and cycle frequency. 
The purpose of this study was to evaluate several nonlinear structural 
analysis methods (of different levels of sophistication) with regard to their 
effect on the life prediction of a hot section component. The methods selected 
for evaluation were nonlinear finite-element analyses based on both classical 
and unified theories, as well as the simplified nonlinear procedure. 
The component under consideration was the airfoil o f  an air-cooled turbine 
blade being studied for use i n  the first-stage, high pressure turbine o f  a com- 
mercial aircraft engine. A mission cycle typical of a transatlantic flight was 
assumed for the analyses. Initially, this airfoil and mission were used for a 
demonstration problem involving a Walker unified model by Pratt & Whitney (P&W> 
(ref. 7)  under contract to NASA as part of the HOST Program. 
MARC nonlinear finite-element analyses dere conducted for this airfoil 
problem at NASA Lewis to calculate the stress-strain hysteresis loop at the 
critical location for life prediction purposes. The classical type of analysis 
used conventional creep-plasticity models, whereas the unified analyses were 
based on two quite different constitutive theories, those of Bodner and Walker 
(ref. 6). 
elastic finite-element solutions for three peak temperature points of the 
cycle. Comparisons were made of calculated fatigue lives based on these struc- 
tural analysis results by using the total strain version of the strain range 
partitioning (IS-SRP) life prediction method (ref. 11). 
The simplified procedure was also applied to this problem using 
PROBLEM DESCRIPTION 
The turbine blade under study is a Pratt & Whitney (P&W) generic design 
for use in the high-pressure-stage turbine of a commercial aircraft engine. 
The airfoil span measures about 6 cm; the chord width, 2 . 5  cm; and the tip-to- 
hub radius ratio is 1:15. Material properties and model constants for a cast 
nickel-base superalloy, B1900+Hf (ref. 61, were used for the analyses. 
The three-dimensional fini te-element model created by P&W for the MARC 
analyses of the turbine blade airfoil is shown in figure 1 .  A total of 173 
solid elements with 418 nodes and 1086 unsuppressed degrees of freedom was used 
to model the airfoil shell. This model included twenty-four 20-node elements 
around the expected high strain region of the leading edge and 149 &node ele- 
ments for the remainder of the airfoil. Displacements were tied at the 
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i n t e r f a c e s  o f  t h e  two t y p e s  o f  e lements t o  p r e v e n t  s e p a r a t i o n  around m i d s i d e  
nodes. Boundary c o n d i t i o n s  were a p p l i e d  t o  c o n s t r a i n  a l l  nodes a t  t h e  base of 
t h e  model t o  l i e  on t h e  base p l a n e  o f  t h e  a i r f o i l .  A d d i t i o n a l  boundary cond i -  
t i o n s  were a p p l i e d  t o  p r e v e n t  r i g i d  body mo t ion .  
F i g u r e  2 i l l u s t r a t e s  t h e  f l i g h t  m i s s i o n  o r i g i n a l l y  s e l e c t e d  by  P&W and 
subsequen t l y  used for these  ana lyses .  T h i s  t y p e  o f  c y c l e  i s  r e p r e s e n t a t i v e  o f  
a t r a n s a t l a n t i c  f l i g h t  for an advanced commercial a i r c r a f t  eng ine .  H igh ,  t r a n -  
s i e n t ,  thermal  s t r e s s e s  and i n e l a s t i c  s t r a i n s  a r e  induced d u r i n g  t h e  eng ine  
t a k e o f f ,  c l i m b ,  and descent  p a r t s  o f  t h e  c y c l e .  Creep occu rs  d u r i n g  t h e  maxi -  
mum takeo f f ,  c l i m b ,  and c r u i s e  s teady -s ta te  h o l d  t i m e s .  On shutdown a t  t h e  end 
of each c y c l e ,  a u n i f o r m  a i r f o i l  tempera ture  o f  429 "C  and a r o t a t i o n a l  speed 
o f  200 rpm were assumed. 
ANALYTICAL PROCEDURE 
F i n i  te-Element  Analyses 
Meta l  tempera tures  were c a l c u l a t e d  from MARC t r a n s i e n t  and s t e a d y - s t a t e  
th ree -d imens iona l  h e a t  t r a n s f e r  ana lyses .  The i n p u t  f o r  these  h e a t  t r a n s f e r  
ana lyses  a r e  p r o p r i e t a r y  P&W i n f o r m a t i o n .  The c a l c u l a t e d  me ta l - tempera tu re ,  
c y c l e - t i m e  p r o f i l e s  f o r  t h e  midspan l e a d i n g  edge, t r a i l i n g  edge, and c o l d  s p o t  
l o c a t i o n s  a r e  shown i n  f i g u r e  3.  F i g u r e  4 shows t h e  tempera tu re  d i s t r i b u t i o n  
a t  t h e  maximum t a k e o f f  c o n d i t i o n  when t h e  h i g h e s t  tempera tures  o c c u r r e d .  
The MARC code was a l s o  used t o  p e r f o r m  e l a s t i c  and n o n l i n e a r  s t r u c t u r a l  
ana lyses  f o r  t h e  a i r f o i l .  The m i s s i o n  c y c l e  was s u b d i v i d e d  i n t o  81 l oad - t ime  
inc remen ts .  S t r u c t u r a l  ana lyses  w e r e  c a r r i e d  o u t  f o r  two co r rJ le te  f l i g h t  
c y c l e s .  
c y c l e  and c reep  c a l c u l a t i o n s  d u r i n g  t h e  s t e a d y - s t a t e  maximum t a k e o f f ,  maximum 
c l i m b ,  and c r u i s e  h o l d  t imes .  The c l a s s i c a l  c r e e p - p l a s t i c i t y  ana lyses  used 
temperature-dependent  c y c l i c  s t r e s s - s t r a i n  and c reep p r o p e r t i e s  for B1900+Hf 
a l l o y .  P l a s t i c i t y  c a l c u l a t i o n s  were based on a k i n e m a t i c  h a r d e n i n g  r u l e  and 
t h e  von M i s e s  y i e l d  c r i t e r i o n ;  c reep  was de termined from a power l aw  model i n  
c o n j u n c t i o n  w i t h  a t i m e  ha rden ing  r u l e .  
P l a s t i c i t y  c a l c u l a t i o n s  were per fo rmed for t h e  t r a n s i e n t  p a r t s  o f  t h e  
MARC f i n i t e - e l e m e n t  ana lyses  were a l s o  per fo rmed w i t h  t h e  u n i f i e d  models 
o f  Bodner and Walker .  The Walker model i s  o f  t h e  common b a c k - s t r e s s ,  d rag-  
s t r e s s  form; where t h e  back s t r e s s  i s  a t e n s o r  i n t e r n a l  v a r i a b l e  d e f i n i n g  t h e  
d i r e c t i o n a l  ha rden ing  (Bausch inger  e f f e c t ) ,  and t h e  d r a g  s t r e s s  i s  a s c a l a r  
i n t e r n a l  v a r i a b l e  d e f i n i n g  t h e  i s o t r o p i c  ha rden ing .  O f  t h e  many u n i f i e d  models 
which have been proposed i n  t h e  l i t e r a t u r e ,  t h e  Walker model has undergone t h e  
most development fo r  f i n i t e - e l e m e n t  a n a l y s i s .  A l l  14 m a t e r i a l  c o n s t a n t s  of 
t h i s  model a r e  temperature-dependent..  
The ma jo r  e x c e p t i o n  t o  t h e  back -s t ress ,  d r a g - s t r e s s  form i s  t h e  Bodner 
model. T h i s  model has one i n t e r n a l  v a r i a b l e  which i s  p a r t i t i o n e d  i n t o  d i r e c -  
t i o n a l  and i s o t r o p i c  ha rden ing  components. S ince  i t  l a c k s  a back s t r e s s ,  i t  
assumes t h a t  t h e  i n e l a s t i c  s t r a i n  r a t e  v e c t o r  i s  c o i n c i d e n t  w i t h  t h e  d i r e c t i o n  
o f  t h e  d e v i a t o r i c  s t r e s s .  Another  d i f f e r e n c e  between t h e  Bodner model and the  
more common back -s t ress ,  d r a g - s t r e s s  model i s  t h a t  t h e  fo rmer  uses t h e  p l a s t i c  
work r a t e  as t h e  measure o f  ha rden lng  whereas t h e  l a t t e r  uses t h e  magn i tude of 
t h e  i n e l a s t i c  s t r a i n  r a t e .  There a r e  e s s e n t i a l l y  n i n e  m a t e r i a l  c o n s t a n t s  t o  
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be determined for this model, only three of which have been found to be 
temperature-dependent for most materials studied. 
Under a NASA sponsored effort with Southwest Research Institute and 
Pratt & Whitney Aircraft, the unified constitutive theories of Bodner and 
Walker were evaluated and further developed to model the high-temperature 
cyclic behavior of B1900+Hf alloy. 
stitutive models, as well as the material constants for both models, are pre- 
sented in the contractor annual status reports (refs. 6 and 7 ) .  The models 
were implemented into the MARC code through a user subroutine, HYPELA. The 
model constitutive equations were integrated using an explicit Euler technique 
and a self-adaptive solution scheme. 
A detailed discussion of these unified con- 
Simplified Analysis 
The basic assumption of the simplified procedure is that the inelastic 
region is localized and, therefore, the material cyclic response can be approx- 
imated using as input the total strain history obtained from elastic analyses. 
One version o f  the procedure uses Neuber corrections to account for strain 
redistribution due to mechanical loading; however, this version was not util- 
ized for this study because of the dominance of the thermal loading during the 
peak strain parts o f  the cycle. Classical incremental plasticity methods are 
used; the material is characterized by a von Mises yield criterion, to describe 
yielding under multiaxial stress states, and a bilinear kinematic hardening 
model, to describe the motion of the yield surface under cycling. 
Only elastic solutions for peak strain points in the cycle are normally 
required to create the strain history input; these are linearly subdivided 
into a sufficient number of increments to define the stress-strain cycle. 
strain states calculated from the elastic finite-element analyses are corre- 
lated in the form o f  von Mises effective strains. To compute cyclic hysteresis 
loops for life prediction purposes, the input effective strains must be given 
signs, usually on the basis of the signs of the dominant principal stresses and 
strains. In this case, elastic finite-element analyses were performed for the 
startup, maximum takeoff, and shutdown conditions in order to create the input 
strain history at the critical location. 
The 
The increments are analyzed sequentially to obtain the cumulative plastic 
strains and to track the yield surface. Creep computations are performed for 
increments involving dwell times by using the creep characteristics incorpo- 
rated in the code. Depending on the nature of the problem, the creep effects 
are determined on the basis of one of three options: (1) stress relaxation at 
constant strain, ( 2 )  cumulative creep at constant stress, or ( 3 )  a combination 
of stress relaxation and creep. 
A FORTRAN IV computer program (ANSYMP) was created to automatically imple- 
ment the simplified analytical procedure. Previous papers (refs. 8 and 9) on 
the development of this procedure present a detailed description of the calcu- 
lational scheme. 
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DISCUSSION OF RESULTS 
The e n t i r e  d i scuss ion  o f  t h e  s t r u c t u r a l  and l i f e  analyses r e s u l t s  fo r  the  
a i r f o i l  presented h e r e i n  a re  based on the c r i t i c a l  l o c a t i o n  a t  t h e  l e a d i n g  edge 
a t  midspan, which was the  h o t  spo t  as i n d i c a t e d  i n  f i g u r e  4 .  Th is  l o c a t i o n  
conta ined the element and Gaussian i n t e g r a t i o n  p o i n t  which e x h i b i t e d  t h e  l a r g -  
e s t  t o t a l  s t r a i n  change d u r i n g  a m iss ion  c y c l e .  
The c a l c u l a t e d  s t r e s s - s t r a i n  h y s t e r e s i s  loops a t  t h e  c r i t i c a l  l o c a t i o n  
for the first two miss ion  cyc les  a re  shown i n  f i g u r e s  5 t o  7 f o r  MARC f i n i t e -  
element analyses ( u s i n g  the  c l a s s i c a l  c r e e p - p l a s t i c i t y ,  Bodner, and Walker 
models, r e s p e c t i v e l y ) ,  and i n  f i g u r e  8 f o r  t he  s i m p l i f i e d  a n a l y s i s .  F igures 5 
to  7 a re  p l o t t e d  i n  terms o f  von Misses e f f e c t i v e  s t r e s s  and s t r a i n  w i t h  a 
s i g n  c r i t e r i o n  based on the  s i g n  of t h e  dominant normal s t r e s s .  Comparison o f  
f i g u r e s  5 to  7 shows t h a t  t h e  maximum compressive s t r a i n ,  b n i c h  occurs a t  t h e  
h o t  end of  the  cyc le ,  was about the  same for the  c l a s s i c a l  and u n i f i e d  model 
f i n i t e - e l e m e n t  analyses on the  f i r s t  c y c l e .  Th is  r e s u l t  i s  t o  be expected 
s ince the  problem was l a r g e l y  t h e r m a l l y  d r i ven ,  and i t  i n d i c a t e s  t h a t  t he  t h e r -  
mal s t r a i n  c a l c u l a t f o n s  were c o n s i s t e n t  among these t h r e e  analyses from s t a r t u p  
a t  room temperature to maximum t a k e o f f .  However, t he  s t r e s s - s t r a i n  loops on 
subsequent c y c l i n g  were s u b s t a n t i a l l y  d i f f e r e n t  among the  models, e s p e c i a l l y  i n  
rega rd  t o  the  peak s t r a i n s  d u r i n g  t h e  c o l d  p a r t  o f  t he  c y c l e  i n  descending to  
shutdown. These d i f f e rences  r e s u l t  i n  a smal ler  c y c l i c  s t r a i n  range fo r  t h e  
u n i f i e d  analyses than fo r  the  c l a s s i c a l  c r e e p - p l a s t i c i t y  a n a l y s i s .  The ca lcu-  
l a t e d  s t r e s s - s t r a i n  loops shown i n  f i g u r e  6 fo r  the  Bodner mode1 a r e  quest ion-  
a b l e  because o f  computat ional  i n s t a b i  1 i t i e s  t h a t  were encountered i n  the  analy-  
s i s  on the  cooldown p a r t  of t he  c y c l e .  These i n s t a b i l i t i e s  a re  a p p a r e n t l y  due 
t o  a d i s c o n t i n u i t y  i n  the  i s o t r o p i c  hardening t e r m  o f  the model 's i n t e r n a l  var-  
i a b l e  when the  s t r e s s  s i g n  changes d u r i n g  a s teady-state h o l d  t ime ;  i t  i s  
b e l i e v e d  t h a t  t h i s  problem can be circumvented by ref inements t o  t h e  numerical  
procedure fo r  i n t e g r a t i n g  the  c o n s t i t u t i v e  equat ions.  The maximum compressive 
s t r a i n  fo r  the  s i m p l i f i e d  a n a l y s i s  (shown i n  f i g .  8)  was somewhat sma l le r  than 
fo r  the  f i n i t e - e l e m e n t  analyses because the maximum compressive s t r a i n  d i d  n o t  
q u i t e  occur a t  maximum takeoff .  Therefore, t he  s e l e c t i o n  o f  t h e  maximum take- 
o f f  c o n d i t i o n  as one of the  m iss ion  p o i n t s  f o r  a f i n i t e - e l e m e n t  a n a l y s i s  
r e s u l t e d  i n  a s l i g h t  t r u n c a t i o n  i n  t h e  c a l c u l a t e d  peak s t r a i n  and s t r a i n  
range. I n  a l l  t he  a n a l y t l c a l  cases, except w i t h  t h e  Bodner model, t h e  s t ress -  
s t r a i n  response had e s s e n t i a l l y  s t a b i l i z e d  by the  end of the second c y c l e .  
The r e s u l t s  from these s t r u c t u r a l  analyses ( e l a s t i c - p l a s t i c - c r e e p ,  Bodner 
u n i f i e d ,  Walker u n i f i e d ,  and s i m p l i f i e d )  a re  summarized i n  t a b l e  I i n  terms o f  
the  t o t a l  s t r a i n  range and mean s t r e s s  for the  second c y c l e .  CPU ( c e n t r a l  pro- 
cessor u n i t )  t imes fo r  two complete a n a l y t i c a l  cyc les  a re  i n d i c a t e d  i n  the  
f i r s t  column. The CPU t ime for  the  s l m p l i f i e d  a n a l y s i s ,  i n c l u d i n g  81 sec t o  
per form the  e l a s t i c  f i n i t e - e l e m e n t  analyses f o r  the  s t a r t u p ,  maximum t a k e o f f ,  
and shutdown c o n d i t i o n s ,  and 1 sec f o r  the  ac tua l  s i m p l i f i e d  procedure,  was 50 
t imes f a s t e r  than for the  MARC c l a s s i c a l  f i n i t e - e l e m e n t  a n a l y s i s .  
a n a l y s i s  u s i n g  the Walker model was somewhat more economical i n  CPU t i m e  than 
w i t h  the  c r e e p - p l a s t i c i t y  models. Because o f  the  computat ional  problems t h a t  
were  encountered w i t h  the  Bodner model, i t  used somewhat more CPU t ime than t h e  
c 1 ass i c a l  mode 1 s . 
The MARC 
Also presented i n  t a b l e  1 a re  p r e d i c t e d  c y c l i c  l i v e s  t o  c rack  initiation 
u s i n g  the  TS-SRP method. These p r e d i c t i o n s  were  based on unpubl ished NASA d a t a  
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fo r  out-of-phase b i the rma l  behav io r  o f  B1900+Hf a l l o y  a t  maximum and minimum 
temperatures o f  871 and 483 "C, r e s p e c t i v e l y .  Comparisons o f  t h e  c a l c u l a t e d  
s t r a i n  ranges and l i v e s  (shown i n  t a b l e  1) fo r  t h e  d i f f e r e n t  s t r u c t u r a l  ana ly -  
s i s  methods demonstrate t h e  s e n s i t i v i t y  o f  l i f e  p r e d i c t i o n  t o  t h e  c o n s t i t u t i v e  
models and a n a l y t i c a l  methodologies employed. I n  t h e  p resen t  case, t h e  l owes t  
c y c l i c  l i f e  p r e d i c t i o n  was o b t a i n e d  u s i n g  the  c l a s s i c a l  n o n l i n e a r  f i n i t e -  
e lement a n a l y s i s ,  and t h e  l a r g e s t  u s i n g  t h e  Walker u n i f i e d  model. The s i m p l i -  
f i e d  procedure p robab ly  would have g i v e n  t h e  most c o n s e r v a t i v e  l i f e  p r e d i c t i o n  
i f  the  maximum compressive s t r a i n  used fo r  the  i n p u t  t o t a l  s t r a i n  h i s t o r y  had 
been more a c c u r a t e l y  d e f i n e d .  
SUMMARY OF RESULTS 
Th is  paper eva lua tes  the  u t i l i t y  of advanced c o n s t i t u t i v e  models and 
s t r u c t u r a l  a n a l y s i s  methods i n  p r e d i c t i n g  t h e  c y c l i c  l i f e  of  an a i r - c o o l e d  t u r -  
b i n e  b lade  fo r  a gas t u r b i n e  a i r c r a f t  eng ine .  S t r u c t u r a l  a n a l y s i s  methods o f  
v a r i o u s  l e v e l s  o f  s o p h i s t i c a t i o n  were e x e r c i s e d  t o  o b t a i n  the  c y c l i c  s t r e s s -  
s t r a i n  response a t  t he  c r i t i c a l  a i r f o i l  l o c a t i o n .  C a l c u l a t e d  s t r a i n  ranges and 
mean s t r e s s e s  from the  s t r e s s - s t r a i n  c y c l e s  were used t o  p r e d i c t  c r a c k  i n i t i a -  
t i o n  l i v e s  by u s i n g  the  TS-SRP l i f e  p r e d i c t i o n  method. The major  r e s u l t s  o f  
t h i s  s tudy  were as follows: 
1 .  The p r e d i c t e d  s t r a i n  range and l i f e  v a r i e d  w i t h  the  c o n s t i t u t i v e  model 
used. D i f f e r e n c e s  i n  the  c a l c u l a t e d  s t r a i n  ranges between the  u n i f i e d  and 
c l a s s i c a l  models were m a i n l y  due to d i f f e rences  i n  the  peak s t r a i n s  computed 
a t  t he  c o l d  end o f  the  c y c l e .  However, t h e  maximum compressive s t r a i n  on t h e  
f i r s t  c y c l e  was n o t  s i g n i f i c a n t l y  a f f e c t e d  by t h e  c o n s t i t u t i v e  model, t h e r e b y  
i n d i c a t i n g  t h a t  t h e  thermal expansion c a l c u l a t i o n s  were c o n s i s t e n t .  
2 .  The s t r e s s - s t r a i n  responses c a l c u l a t e d  by u s i n g  the  Bodner and Walker 
u n i f i e d  models were v e r y  s i m i l a r .  Computat ional  i n s t a b i l i t i e s  encountered w i t h  
t h e  Bodner model d u r i n g  the  s teady -s ta te  h o l d  t imes p robab ly  can be circum- 
vented by  re f inements  i n  t h e  numer ica l  i n t e g r a t i o n  procedure.  
3 .  Because o f  the  d i f f e r e n c e s  i n  the  c a l c u l a t e d  s t r a i n  ranges, t h e  l owes t  
p r e d i c t e d  c y c l i c  l i f e  r e s u l t e d  from u s i n g  the  c l a s s i c a l  n o n l i n e a r  f i n i t e -  
element a n a l y s i s  and the  h i g h e s t  one from u s i n g  t h e  Walker u n i f i e d  model. The 
s i m p l i f i e d  procedure p robab ly  would have g i v e n  the  most conserva t i ve  l i f e  p re -  
d i c t i o n  i f  t h e  i n p u t  t o t a l  s t r a i n  peak a t  t h e  h o t  end o f  the  c y c l e  had been 
more a c c u r a t e l y  d e f i n e d .  
4. The s i m p l i f i e d  procedure,  i n c l u d i n g  the  computing t imes f o r  t h e  i n i t i a l  
e l a s t i c  f i n i t e - e l e m e n t  ana lyses ,  was about 50 t imes f a s t e r  than t h e  c y c l i c  
f i n i t e - e l e m e n t  analyses, and about 4000 t imes f a s t e r  for  j u s t  t h e  c y c l i c  
i n e l a s t i c  computat ions.  The CPU t i m e  for the  MARC f i n i t e - e l e m e n t  ana lyses  was 
somewhat l e s s  fo r  the  Walker u n i f i e d  model than t h e  c l a s s i c a l  c r e e p - p l a s t i c i t y  
models. Because o f  i t s  computa t iona l  problems, t h e  Bodner model a n a l y s i s  used 
the  most CPU t ime.  
206 
N88-21512 
REFERENCES 
1 .  MARC General Purpose F i n i t e  Element Program. Vol. A: User I n f o r m a t i o n  
Manual; Vol. B: MARC Element L i b r a r y ;  Vol. C: Program I n p u t ;  Vol. D: 
U s e r  Subrout ines  and Spec ia l  Rout ines .  MARC A n a l y s i s  Research 
Corpo ra t  i on, 1986. 
2. McKnight, R.L.; L a f l e n ,  J.H.; and Spamer, G.T . :  Tu rb ine  Blade T i p  
D u r a b i l i t y  A n a l y s i s .  (R81AEG372, General E l e c t r i c ;  NASA C o n t r a c t  
NAS3-22020) NASA CR-165268, 1981. 
3. Moreno, V. :  Combustor L i n e r  D u r a b i l i t y  A n a l y s i s .  (PWA-5684-19, P r a t t  and 
4. Ramaswamy, V.G. ,  e t  a1 . : C o n s t i t u t i v e  Mode l ing  f o r  I s o t r o p i c  M a t e r i a l s .  
Whitney A i r c r a f t ;  NASA C o n t r a c t  NAS3-21836) NASA CR-165250, 1981. 
NASA CR-174805, 1984. 
5. Ramaswamy, V.G. ,  e t  a l . :  C o n s t i t u t i v e  Mode l ing  for I s o t r o p i c  M a t e r i a l s .  
NASA CR-175004, 1985. 
6. L indholm, U.S., e t  a l . :  C o n s t i t u t i v e  Mode l ing  fo r  I s o t r o p i c  M a t e r i a l s .  
NASA CR-174718, 1984. 
7. Lindholm, U.S., e t  a l . :  C o n s t i t u t i v e  Mode l ing  for I s o t r o p i c  M a t e r i a l s .  
(SWRI-7576/30, Southwest Research I n s t i t u t e ;  NASA C o n t r a c t  NAS3-23925) 
NASA CR-174980, 1985. 
8 .  Kaufman, A . :  Development o f  a S i m p l i f i e d  Procedure f o r  C y c l i c  S t r u c t u r a l  
A n a l y s i s .  NASA TP-2243, 1984. 
9. Kaufman, A.; and Hwang, S . Y . :  Local  S t r a i n  R e d i s t r i b u t i o n  C o r r e c t i o n s  for 
a S i m p l i f i e d  I n e l a s t i c  A n a l y s i s  Procedure Based on an E l a s t i c  
F in i t e -E lemen t  A n a l y s i s .  NASA TP-2421, 1985. 
10. H a l f o r d ,  G.R . :  Low-Cycle Thermal Fa t i gue .  NASA TM-87225, 1986. 
1 1 .  Saltsman, J.F.; and H a l f o r d ,  G.R.: An Update o f  the  T o t a l - S t r a i n  Vers ion  
o f  SRP. NASA TP-2499, 1985. 
207 
co 
I- 
-I 
3 
m w 
rY 
co 
co > 
4 
4 
z 
4 
c 
J a 
Ly 
3 
I- o 
3 a 
t- cn 
w 
tl a 
J 
w z 
m 
3 
I- 
. - 
w 
4 
4: 
I- 
m 
- 
0 
0 
w 
cv 
w 
c 
cv 
‘0 
Q3 
03 cv 
0 
0 
m 
a 
09 
., 
0 
In 
n 
L 
(I] c 
‘0 
O n  
vr7 
ma, 
0 
0 
03 
t7 
0 
rl 
- 
0 
OI 
0 
\o 
t7 cv 
0 
0 
h 
0 
Ln 
L 
In 
I 
208 
F I G U R E  1. = A I R F O I L  F I N I T E - E L E M E N T  M O D E L  
209 
I 
1 
W m 
0 
5 a 
c 
W 
4 n 
I
v) 
v) 
4 
z 
m 
a 
a 
a 
0 
n 
lL 
W 
v) 
3 
w 
4 
0 * 
0 
z 
0 
m 
v) 
I 
E 
I 
w 
W 
3 
8 
a 
E 
210 
1 2 0 0  
0 
a 
W 
Q! 
=> 
t 
Q' 
w 
x 
w 
0 
a 
a 
9 0 0  
t- 6 0 0  
300 I I I I 
I I I 
3 1 0  2 0  30 2 8 0  2 9 0  3 0 0  3 1 0  
E L A P S E D  T I M E S  M I N .  
F I G U R E  3 0  A I R F O I L  T E M P E R A T U R E  C Y C L E  
21 1 
u 
a *  E #  w w  
L 
LL 
0 
W 
Y 
cf 
I- 
f 
H 
X 
L 
0 
H 
a: 
CY 
W 
212 
0 
I 
F I G U R E  s. - M A R C  F I N I T E - E L E M E N T  A N n L Y s I s  STRESS-STRAIN 
C Y C L E  USING CLASSICAL CREEP-PLASTICITY M O D E L S  
21 3 
F I G U R E  6. HARC F I N I T E - E L E M E N T  A N A L Y S I S  S T R E S S - S T R A I N  
C Y C L E  U S I N G  BOONER U N I F I E D  MODEL 
214 
I 
F I G U R E  7. 0 MARC FSNlTE-ELEMENT ANALYSIS  STRESS-STRAIN 
CYCLE U S I N G  HALKER U N I F I E O  HODEL 
21 5 
F I G U R E  8. SIHPLIFIEO A N A L Y S I S  S T R E S S - S T R A I N  C Y C L E  
21 6 
